






. . . . . . . . . . .  Flow Pattern Shortly After Start  o f  Test 3 14 
Flow Pattern 1 Hour and 55 ?.!inutes After Start  o f  Test  3 . . . .  15 . . . . . . . . . . . . . . . .  Test 3 After 24 llours operation- 16 

configuration o f  Interface during Test 5. when Conccntration 

. . . .  







BUREAU 01: RECLAMATION 

Office of Chief Engineer 
Division of Research E. J. Carlson 
Hydraulics Branch Revicwed by: A. J. 'Peterka 
Denver, Colorado R. E. Glover 

Submitted by: i I .  M. Martin 

LABORATORY INVESTIGATION OF THE REMOVAL OF 
SALT IVATER FROM TPlO-PART AND SINGLE-PART 

AQUIFERS USING TILE DRAINS 

SUkDIARY AND CONCLUSIONS 

For t he  first sc r i e szo f  tests a 1:40 sca le  model of an ideal ized 
port ion of a va l ley  was constructed and tes ted  t o  determine the 
hydraulic act ion of t i l e  drain(s)  placed 8 f ee t  below the  ground 
surface. Two-part a q u i f e r . t e s r s  were made with an upper aquifer  



The statements' below a r e  conclusions based on analyses of data  

1. A t i l e  drain(s)  placed 8 f e e t  below the  top surface of a 
two-member aquifer  ( top member f i n e  sand 40 f ee t  thick; lower 
member coarse material  50 times as permeable and 40 f ee t  thick] 
w i l l  not  in te rcep t  and discharxe f resh water i f  the  lower aquifer  
contains s a l t  water. The' drain  discharge w i l l  have a maximum 
s a l t  concentration about two-thirds o r  three-fourths of  the  s a l t  
concentration of t he  lower pa r t  of t he  aquifer .  

2. An in te r face  w i l l  develop between the  sal.ine water (or iginal  
\ aquifcr water) and the f resh  i r r i g a t i o n  replacement water. This 

in te r face  will reach a s t ab l e  configuration which i's determined 
by the geometry ,of t he  aquifer,  t he  permeabili t ies of the  aquifer  . '  

materials, t he  inflow and outflow r a t e s ,  and the  difference i n  
dens i t i es  between the  s a l ine  and f resh  water. The s a l i n e  water 

s a l t  concentration i n  t h e  drain e f f luen t  and will increase the 
amount of  s a l ine  water l e f t  i n  s torage, .  but it does not appear 
t h a t  a subs tan t ia l  amount'of s a l t  storage could be real ized unlcss 
the  drain ,spacing is made. comparable t o  the  thickness of the  upper 



5. The aquifer  is flushed subs tan t ia l ly  f ree  of s a l t  watcr whcn 
the quantity (volume) o f . f r e s h  watcr applied t o  the  ground surface,. 
( i r r iga t ion  water) becomcs equal t o  the  volume of s a l t  watcr 
o r ig ina l ly  present i n  the aquifer. Based on model t e s t  r e su l t s  
and on an estimated time correction fac tor  t o  account f o r  non- 
i r r i ga t ed  areas, theitime necessary t o  flush t h e a q u i f e r  used in  
the  t e s t s  would be of the  order of 25 to-13% years. The time sca le  
is  one 24-hour model dayreprcsen ts  3.0 prototype years. 

6. In  two-part aquifer t e s t s  t he  path followed, by fresh i r r i ga -  
t i on  water applied on the ground surface, t o t h e  t i l e  drain 

; located ' in  t he  upper aquifer is, i n  'general, ve r t i ca l ly  downward 
through the uppcr aquifei ,  horizontally through t h e  more permeable 

then ve r t i ca l ly  upward t o  the drain,  Only s l i g h t  mixing of the 
f resh  and s a l t  waters occurs during the flushing process. The 
fresh water tends t o  drive the s a l t  water ahead o f  it t o  t he  drain. 

1 foot t he  ground-water t ab l e  is above s e a l e v e l .  

l i ne  waters the 'g rea te r  hydrostatic pressure of t he  saline.wa 
counterbalanced by ' the  dynamic forces producing flow along t 

terface o n  the fresh:,<,wster side. A s imilar  balance e x i s t s  i n  



di f fe ren t  f o r  a uniform singlc-part  aquifer than f o r  t he  two-part 
aquifer. Close t o  the  drain t he  flow is  ve r t i ca l ly  downward f0.r 
only a short  distance, tl!en along a curved path t o  thc drain-.. 
Farther from the drain  the Sow penetrates decper beforc turnin: 
toward tlie drain. Thus, the overal l  flow pa t tc rn  can be described 
by a flow net  which converges on the drain.  Tlic surface of the  
sal ine 'warer  body curves uy:ard as  it approaches thc  drain  and the 
s a l i n e  water below the  in te r face  remains stagnant a t  a very small 

urface between sd&cent horizontal  t i l e  drains  depends on the 
i f ference i n  densit'y:5p~$'3n the fresh and s a l t  water and on the 

height t o  which the yatcr-- table  i s  maintained above the drains. 
The l a t t e r  value depcnds on the r a t e  of application of water and 
on the p e k e a b i l i t y  of the aquifer. 



Beginning about 1915, i r r i g a t i o n  of v a l l e y  lands  was s t a r t e d  us ing  
water  obtained from wells. By about 1954, t h e  s a l i n i t y  o f  t h e  wel l  
water  had inc reased  t o  d e t r i n e n t a l .  l e v e l s ,  t h e  wzter  t a b l e  had sunk 
alarmingly, and it was apparent  t h a t  supnlemcntal i r r i g a t i o n  watcr  
from.the Colorado River must be used i f i r r i g a t i o n  was t o  continue. 
By Nay 1, 1952, wator d ive r t ed  from t h e  Colorado River a t  Imperial  
D a m  was being  d e l i v e r e d  and uscd i n  t h e  li'ellton-Nohawk area .  These 
f a c i l i t i e s  were cons t ruc ted  by t h e  Bureau o f  Reclamation. 

Continued a p p l i c a t i o n  of t h e  imported waters  caused a r i s e  of t h e  
water  t a b l e ,  and by about 1959 it was apparent  t h a t  dra inage  works 
would be neccssary  f o r  c o n t r o l  of t h e  water  t a b l e .  To provide  t h e  
requi red  drainage a concre te- l ined  channel was cons t ruc ted  t r a v e r s i n g  
t h e  f u l l  length  o f  t h e  v a l l e y ,  and 69 we l l s  with pumps were i n s t a l l e d  
t o  lift t h e  drainage water  , i n t o  t h e  dra inage  channel. The channel 
has a maximum capac i ty  o f  S0O.cubic f e e t  p e r  second and d ischarges  
i n t o  t h e  Colorado River. The  e f f l u e n t  had a s a l t  content  o f  about 
6,000 p a r t s  p e r  mi l l ion  by weight (ppm) when pumping was s t a r t e d  
' fo r  t h e  purpose o f  c o n t r o l l i n g  t h e  water  t a b l e .  

During t h e  win te r  months t h e  watcr  de l ive red  v i a  t h e  Colorado Rivc 

d e l i v e r y  o f  w a t c r  having such a high s a l t ,  content  t h a t  t h e  l 'residcnt 
o f  t h e  United S t a t e s  and t h e  Pres ident  o f  Ncxico agreed t o  

 appoint pane l s  t o  s tudy  t h e  p o s s i b i l i t i e s  . f o r  reducing t h e  s a l i n i t y  
o f  t h e  waters being dc l ivc red  t o  Xoxico. The.United S t a t e s  pancl  
promptly propared a r c p o r t  : ou t l in ing  c c r t a i n  mansurcs which could bc 
taken t o  reduce t h e  s a l t  coptent  of t h e  water  be ing  de l ive red .  One 
sugges t ion  was t o  i n s t a l l  drainage t i l e  o r  cons t ruc t  open d r a i n s  a t  
r e l a t i v e l y  shal low depths t o  i n t e r c e p t  t h e  water  bc ing .d ra incd  from 
t h e  land before  it became s a l t y .  I t  seems t o  have been supposed t h  

le d i f f i c u l t i e s  descr ibed  he re  will very l i k e l y  occur i n  o t h e r  p 

t e r  will be  t o  r e t u r n  it t o  t h  



r iver .  Those who d ive r t  water lower down on t h e  r i v e r  must then 
contend with the d i f f i c u l t i e s  a r i s ing  from a higher s a l t  content i n  
t h e i r  i r r i g a t i o n  supply, which may, f o r  example, force a more 
l i b e r a l  use of water and the provision of  more e f f i c i e n t  drainage 
in s t a l l a t i ons .  The s tud ies  described i n  t h i s  report 'were i n i t i a t e d  
t o  provide information on t h e  pa t t e rn  of s a l t  removal when drains  
:are i n s t a l l e d  i n  a s a l ine  area. 

PURPOSE OF TESTS 

Previous s tud ies  of the  behavior of f resh  water-sea water in te r faces  
i n  coastal  areas, and construction o f  a c l a s s i c  flow ne t ,  indicated 
t h a t  t he  s e l ec t ive  type of drainage operation proposed f o r  t he  Gila 
Valley might not be realized.  -Because of  t h i s  uncertaintyi  it was 

,decided t o  design, build,  and t e s t  i n  t h e  laboratory, a model including 
the  aqui fe r  and ,?;drainage system. As f a r  as  can be determined there  
a r e  no previous :investigations of t h i s  type and consequently t h e r e  , 

a re  no established pr inc ip les  t o  o f f e r  guidance i n  desihing o r  
t e s t i n g  a model. Construction and t e s t i n g  procedures were therefore  

odif ied as necessary before, during, o r  a f t e r  accomplishment i n  an 
ttempt t o  develop techniques, 

THE MODEL 



; i n t o  t he  c o a r s e  sand below. As placed, these sands represented 
prototype d e p t h s o f  about 40 f ee t  each i n  a t o t a l  aqui fe r  depth o f  
80 f e e t ,  and were believed t o  be an ideal ized in t e rp re t a t i on  of t h e  
average conditions ex i s t i ng  i n  t h e  Gila Valley, Figure 2. 

, I n  an ideal ized model using homogeneous aquifers  it can be assumed' 
: t h a t  t he re  is no flow across 've ' r t i ca l  planes located midway between 

ra ins ,  o r  through the cen te r l ine  of  t he  drain l ine ;  therefore,  a t  
he midpoint between l i n e s  of drains  an impermeable bulkhead ( a  plane 

i z e  sand ( la rger  p a r t i c k s  than the,?aquifer  sand) was placed around 
he :pipe and against  t h e  bulkhead to' effective1y:locate the  exact 

t of  drainage a t  t h e  face of  t he  bulkhead. 

o d i s t r i b u t e  un 
, and t o  pmven 



Tests 1 through 5 were made using the  two-part aquifer described a s  
an idealized representation o f t h e  Gila Valley. Tests 6 through 8-3 
were made using a single-part  aquifer made from the  f ine  sand used 
i n  the  upper member of  t h e  two-part aquifer tests. 

In  order t o  ver i fy  the behavior of the  s a l ine  water or iginal ly  present 
i n  the  lower ne:nber a f t e r  i n i t i a t i o n  of drainage, the s a l ine  water 
was introduced only i n t o  t h e  lower member f o r  the  ear ly  t e s t s .  TO : 

f a c i l i t a t e  visual  observations of t he  s a l t  water movements i n  the 
lower aquifer t h e  s a l t  water was dyed blue. Sodium chloride (NaCI) 
was the s a l t  added t o  provide the proper density; potassium chloride 
(KC1) was added i n  the  ear ly  t e s t s  t o  provide a t r ace r  and f o r  a 

curately by the  f l -  photometer and there'fore t h e  potassium 
lor ide  t r ace r  was not used i n  l a t e r  t e s t s .  The mixture varied 
om t e s t  t o  t e s t  but the s a l t  water contained approximately, by 

Tests 1 t o  5 i Approximately 250 ppm patent blue dye 
. 6,200 t o  7,050 ppm sodium chloride 

Approximately 100 ppm potassium chloride 

Approximately 250 pum pat_ent blue dye - 
Approximately 4,000 ppm sodium chloride 
No potassium chloride 

Approximately 250 ppm blue dye 
Approximately 79,800 ppm sodium chloride 
No potassium chloride 

!'Approximately 250 ppm patent blue dye 
~pproximately ,.75,200 ppm sodium chloride 
No potassium chloride 



w'aierfldw was ' then restarted, '  the process being repeated u n t i l  t k s  
lower aquifer was f u l l  of blue s a l t  water and the upper aquifer  
was f u l l  of f resh  water up t o  the  leve l  of t h e  drain ,  0.2 foot below 
t h e  surface. Figure 4 shows the  bottom aquifer '  almost f u l l  of 
blue s a l t  water and the upper aquifer  p a r t i a l l y  wetted'with f resh 

In t he  f i r s t  t e s t ,  water representing t h e  i r r i ga t ion  water applied 
t o  crops, was applied t o  t he  surface of  t h e  upper aquifer  by means 
of an ordinary garden sprinkling can. Three ~ a l l o n s  of Denver tap- 
water were applied i n  l e s s  than a minute a t  1-hour intervals .  The 
water was uniformly dis t r ibuted over t h e  e n t i r e  surface of  t he  model; 
t he  quanti ty was suf f ic ien t  t o  r a i s e  the water t ab l e  about 0.1 foot 

apply a uniform and continuous supply of i r r i ga t ion  water a t  t he  
r a t e  of 3 g a l l o n s p e r  hour. The soaker replaced the spr inkl ing can 
method of application.  The hose was l a i d  on t h e  longitudinal center l ine  
of t he  model on t h e  coarse sand covering previously described; t h e  
a t e r  issued from pinholes uniformly spaced along t h e  underside. 

The coarse sand d is t r ibu ted  the water laterally. .  

For Tests 8-1, 8-2, and 8-3 the garden soaker hose was replaced with 
an automatically timed t o i l e t  flush tank which discharged i n t o  two 
perforated s t a in l e s s  s t e e l  troughs spaced t o  d i s t r i bu te  the  water 
uniformly over t h e  aquifer  surface. The tank 'float was positioned so 

The f ine  sand aquifer  was l e f t  bare of t h e  coarse sand cover for'abo 
inches across  t he  width of the  tank a t t h e  drain  ends of  the  model 
insure t h a t  no free water was ever present i n  t h i s  zone. 



In l a t e r  t e s t s  another drainassembly was placed a t  the  o the r  bulk- 
head t o  represent a f i e ld  problem with a drain  spacing of 630 f ee t ;  a 
t h i rd  drain was placed a t  t he  center  of t h e  t e s t  tank t o  represent 
a drain spacing of 315 feet .  Modifications were made t o  t h e  model 
and t e s t i ng  procedures as  t e s t i n g  progressed. Variations a r e  discussed 
as they occur i n  each test, but,  i n  general, t h e  procedures were a s  

TRE IN~~ESTIGATION 



indicates  a s imi l a r  action. Figure 8 shows water surface p ro f i l e s  
a s  determined from water surface observations made i n  the  wells 

; during one water cycle application,  about 1 hour. The sca le  sketch 
a t  t he  bottom of  t h e  f igure  shows the s t a t i o n s  a t  which wells were 
located, t h e  drain location,  and t h e  r e l a t i v e  height of t h e  water 
level  change i n  terms of t h e  t o t a l  depth of aquifers.  

The upper curves i n  the  f igure  show the water surface p lo t ted  
t o  an exaggerated v e r t i c a l  scale.  The top curve labeled 'kero 
minutes" indicates  t he  water t ab l e  surface,  beneath the  surface 
of thc  upper aquifer,  immediately a f t e r  application of 3 gallons 
of  water over t he  upper aqui fe r  surface.  - The next curve below 
was taken 15 minutes l a t e r ,  t he  next 30 minutes l a t e r ,  t he  next 
45 minutes, and t h e  bottom curve 60 minutes later. A t  t h i s  time 
t h e  cycle was repeated and-more measurements were taken. 

The convex upward curve of  the  water surface found i n  a l l  p r o f i l e  
measurements. Figure 8, was a r e a l i t y  and.-was not t h e  r e s u l t  of 
poor measurement techniques. The r i s e  i n  water surface indicated 

below the  surface of t he  upper aquifer  w i l l  not  in te rcep t '  only 



fresh water discharge, and t h a t  the  e f f ec t  is apparent almost 
immediately. 

S a l t  concentration i n  t he  d r a i n e f f l u e n t  was prac t ica l ly  the  same 
a s  f o r  Test 1 and the overal l  t ' k s t  r e s u l t s  were p rac t i ca l ly  ident ical .  
For a d i r ec t  comparison of Tests 1 and 2 the s a l t  concentration 
curve f o r  Test 1 has been replot ted i n  Figure 10, a f t e r  making 
time adjustments t o  compensate for  the differences i n  t he  method 
of application of the frcsh water. The s l i g h t  displacement of C 
the curves of Tests 1 and 2 is  not s ign i f ican t  i n  drawing general 
conclusions from these t e s t s .  

Near the  end of the  second t e s t ,  c rys t a l s  of potassium permanganate 
were used t o  indicate  flow direct ion i n  various p a r t s  of the  model. 
The c rys t a l s  were placed against t he  glass  wall o f  t he  tank by 
inser t ing  a glass  tube through the sand u n t i l  the  bottom was a t  

\ t h e  desired elevation,  dropping the c rys t a l s  down the  tube and 
pushing them out, t he  bottom with a rod, and then withdrawing the  
tube so t h a t  the,  sand closed i n  around the hole. Flow past  the  
c rys t a l s  left/  color  t r a i l s  which, i f  inspected and traced a t  
regular  interbals ,  indicated flow d i rec t ion  and velocity.  Crysta,ls 
introduced wiihin t he  boundary of the  blue wedge below the  drain  
indicated thal; the  flow direct ion was toward the  drain. Elsewhere, 
t h e  dye s t rea) i s ind ica ted  the flow direct ion t o  be downward through 
t h e  upper sand t o  t h e  lower sand, horizontally through the  lower 

, sand, and upw,ard t o  t he  drain. Such a flow path represents 
e s s e n t i a l l y ~ h e  flow.path o f  l ea s t  resistance.  Figure 11 shows 
three  vertida1;'dye t races ,  one i n  each of  t he  three upstream panels, 
and two dye t races  i n  t he  downstream panel approaching the drain  





s t a r t i n g  t o  approach rhe center  drain a f t e r  only 1 hour and 5 minutes 
of the  t e s t .  Figure 15 shows the  blue wedges a t  t he  drains '  and a 
well developed flow pat tern 50 minutes l a t e r .  Figure 16 shows t h e  
reduction i n  color i n  the  wedges and the  beginning of t h e  sharp 
interface i n  t he  lower aquifer,  indicat ing complete displacement of 
the  movable s a l t  water and an approach t o  equilibrium i n  t he  water 
rof i les .  The hypotenuse of t he  wedge seems t o  have a darker l i n e  
han the i n t e r i o r  of the  wedge. This is because there  is almost 

100 ppm of salt. 
,-i - '.: 

urface of  the upper aquifer andbefore  t he  s t a r t  o f t h e  t e s t  occupied 
he e n t i r e  volume of the tank; 

ren t  i r r i g a t i o n  water appl ica t ion  ra tes .  



and the  beginning of the  formation of a v i s i b l e  flow pa t te rn  a t  the  
middle "B" drain and r igh t  "C" drain,  May 12, 1963. By May 20, 1963, 
a w e l l  established pa t te rn  f o r  Drain A was apparent, and t he  C drain  
pa t te rn  was no longer v i s ib le .  By Nay.28, 1963. t he  A and B drain  
flow pat terns  were beginning t o  disappear and the posi t ion of t h e  

. three  drains p lo t ted  against  mcdel time. This t e s t  disclosed t h a t  
the  drainage pa t te rn  is sensi t ive  t o  s l i g h t  var ia t ions  of drain  
elevations,  inflow, and aquifer conditions. 

~ b s u l t s  of Test 5 

The middle drain  (see Test 4) was plugged f o r  Test 5 leaving the 
two end drains  operative. This arrangement of the model represents 



TESTS WITH SINGLE-PART UNIFORM AQUIFERS 

Results of Test 6 

A t  t he  conclusion of Test 5, the two-part aquifer was removed and the 
tank was r e f i l l e d  t o  a depth of 2 f ee t  t o  obtain a single-part  
aquifer consist ing of f i ne  sand, the same tyjle of sandpreviously 
used i n  the  upper par t  of the  aquifer. A 1-inch layer  of coarse 
sand was again placed on the f ine sand surface t o  help d i s t r i bu te  - the applied i r r iga t ion  water and prevent erosion of the f i n e  sand 

the concentration of the  potassium chloride t r ace r ,  no potassium 

e c i f i c  gravity of the dyed s a l t  water was 1.0034 a t  70.5' F'and for  







below the  bottom of t he  model f loor .  

Tcsts  7 and 8 were then conducted t o  check the formula and t o  - . 
determine i f  t he  Ghyben-Herzbcrp pr inc ip le  could?\be applied t o  $9 

aquifer  drained by agr icu l tura l  t i l e  drains  placed near  t he  ground .. 

e s a l t  water was again dyed blue with 250 ppm of  patent  blue dye. 



s t a r t e d  a t  10:OO. a.m. on October 2 .  1963. The average t o t a l  discharge 
from the rhree drains was 2.76 gph divided as follows: 0.53 gph from 

The high concentration of s a l t  caused the  dyed water t o  have-a l i g h t  
greenish-blue color  i n  the  sand aquifer. As more f resh  water bccane 
mixed with t h e ' h i h l y  conccntrated s a l t  water, the  solut ion became 
darker and more blue i n  cclor.  When th i s '  color viashed out of the  model, 
t he  sand. cleared t o  i ts  natural  white color. The photograph i n  Figure 27A 
shows t h e  dark blue color as t h e  upper dark area on the black and 
white phoiograph &id the l i gh t e r  greenish-blue color i n  t he  lower 
p a r t  of the  aquifer. Figure 27U snows the dark blue band at the 
interface,  with the l i g h t e r  greenish-bluc color below the interface.  

close t o  the ac tua l  in te r face  posit ion,  t he  va l id i ty  of t he  formula 
has been demonstrated f o r  a uniform aquifer. 

Figure 30 shows the  r a t e  of discharge from the th ree  drains 



 oliow wing t h i s ,  no fu r the r  movement of the' in te r face  could be 
detected except t h a t  t he  curved in te r face  s t a r t ed  t o  f l a t t e n  as  
the  heavy s a l t  water b e p n  t o  form a level surface. Figure 33 
shows the in te r face  on October 18, 1963, 3 days a f t e r  the  application 

Results of Tests.8-1, 8-2, and 8-3 

Test 8 was conducted i n  th ree  pa r t s  ( three r a t e s  of water application) 
f o r  the purpose of checking t h e  formula f o r  predict ing the  posi t ion 
of the  in te r face  between s a l t  and fresh water a t  equilibrium conditions 
when t h e  time in t e rva l  between addit ions of a given amount of water 
was varied. The sin ' i le-part  aquifer of f i ne  sand was used. 

S a l t  water, dyed blue having an average concentration of 75,190 ppm 
sodium chloride, was added t o  the sand aquifer  u n t i l  it was f i l l ed .  
,Twelve ba r r e l s  of s a l t  water were used t o  replace the  f resh water 
i n  t h e  aquifer between October 24, 1963, and November 4 ,  1963, i n  t he  
f i l l i n g  operation. The average spec i f ic  gravi ty  of the s a l t  water. 
measured with a hydrometer, was 1.0550 a t  60' F compared t o  1.0002 
a t  60' F f o r  tapwater. 

To overcome the  d i f f i c u l t i e s  encountered i n  obtaining uniform dis-  
charges from the  garden soaker, a f lush  tank was arranged to.supply 

- given quant i t i es  of water a t  any desired time in te rva l .  The 
in te rva l  between' applications of replacement water is very short  
compared t o  t he  time required f o r  Fie in te r face  t o  level  out when . "  

flow i s  stopped, Figure 33; thereFore, the  i n t e rn i t t en t  applications 
of replacement water a r e  equivalent t o  steady f l o ~ +  The system 
consisted of a tank and flushing mechanism. an assembly of p l a s t i c  
pipe and two perforated s t a in l e s s  s t e e l  troughs t o  d i s ~ r i b u t e  t he  
water over t he  model- surface, and a solenoid re lay  activated by 
an adjustable timer t o  t r i p  t he  flushing mechanism. 



The in te r face  between the s a l ine  water and f resh  water formed 

Samples of eff luents  from the three drains were taken a t  various 
time in te rva ls  and an analysis o f  t h e i r  s a l t  content was made 
using the, flame photometer. A graph of t he  var ia t ion of s a l t  
content with time f o r  Test 8-1 i s  shown on Figure 36. The s a l t  
concentration of  the eff luent  was reduced t o  a value of one-tenth 
the or iginal  s a l t  concentration i n  the aquifer  (75,190 ppm) i n  5-5/6 
days fo r  Drain A, 7 days for  Drain B ,  and 5-1/3 days f o r  Drain C. 
The time required.for  the  in te r face  t o  reach. a s t ab l e  posi t ion 
and t o  reach a concentration of one-tenth the or ig ina l  concentration 
i n  t he  aquifer  does not vary appreciably whether a two-part aquifer  
o r  a s ingle-par t  aquifer is used. The time required i n  e i t h e r  case 
f o r  t he  , in terface t o  reach a s t ab l e  posi t ion i s  influenced by the 

,drain spacing and the water application and/or e f f luen t  flow rate .  
The r a t i o ,  density of t he  fresh i r r i ga t ion  water divided by the 
difference in ,dens i t i e s  between the  f resh  and sa l ine  water, determines .. 
the  posi t ion of the s tab le  in te r face  between the two liquids.  The 
time t o  evacuate the  required vol&e of s a l ine  water t o  form a s t ab l e  
in te r face  i s  influenced by the depth t h a t  the s t ab l e  in te r face  
reaches s t a b i l i t y ,  forms below the level  of the drains,  and the r a t e  
of applicati'on of fresh water. 

Figure 37 shows the equilibrium posi t ion of t he  interface f o r  
Test 8-1 as  measured i n  the  nodel and the comparative in te r face  

interface may vary s l i gh t ly  with time but  it is quite obvious tha t  t he  
variation is  so  slow f o r  the  conditions under which theimodel was 



height and consequently t o  t h e  long-tine average i r r i g a t i o n  
application r a t e .  

Variation i n  the  water t ab l e  elevation with time, between applications 
of i r r i ga t ion  water, was measured i n  the  mod&, and a sample of 

f t e r  an application of water was made throuph the f lush tank and 

develop Figure 38. 

SALINE WATER DISPLACEMENT 

a t w h i c h t h e  sa l ine  water contained i n  an aquifer  is 

ra t ion i n  the  drain  c f f luen t  a t  the  time one f u l l  



di lut ion of sal ine water achievedby recharge would be t o  compute 
the percentage of sal ixe water i n  the  drain e f f luen t  and t o  p l o t '  
the  percentage of s a l i nc  water versus the cumulative quanti ty of  
water discharged in  re la t ion  t o  the  t o t a l  water s tored i n  the  
aquifer. Figures 42 through 49 show these p lo t s  f o r  Tests 1 
through 8-1. I:hen the c,umulative discharge of the  drain e f f luen t  
equals one on the abcissa,  the  recharge added i s  equal i n  volume t o  
t he  t o t a l  watcr volume or ig ina l ly  stored i n  the  aquifcr. The 
concent r t ion  of the  eff luent  indicates the extent tha t  s a l t  water 
was forced ahead of the  f resh  water and the amount of t he  l a t t e r  
tha t  moves d i rec t ly  t o  the  drain. 

A p lo t  was made f o r  each t e s t  re la t ing  pcrcent of sa l ine  water in  
t he  drain e f f luen t  with cumulative discharge in  un i t s  of volume 
o f  water stored i n  the  aquifer. Thcrc are  differences i n  cumulative 
discharge from t e s t  t o  r e s t ,  depending on whether the t e s t  included 
a two-part aquifcr (Tests 1 through S ) ,  a singlc-part aquifer 
(Tests 6 ,  7, and 8 ) .  whether the sal ine water was placed t o  the  

\ t o p  of thc  upper aquifer (Tests 4 t o  8) o r t o  t he  top of the  lower 
aquifer a t  the  beginning of thc t e s t  (Tests 1, 2, and 3). what 
t he  concentration of s a l t  solution i n  the aquifer was a t  the  
beginning of the  t e s t ,  t h e  number of drains operating, and the r a t e  
of water application t o  the  model and discharge from the  drains. 
In Tests 1 and 2 the  permeability r a t i o  of the upper aquifer t o  t he  
lower aquifer PU was 2. Figures 42 and 43 show the re la t ionships  

su l t i ng  from Tests 1 and 2 in  which the lower aquifer was charged 
t h  sa l ine  water with concentrations of  6,530 and 6,490 ppm, 

.respectively. These, i n  e f f ec t ,  give the same general curves 
although they a r e d i f f e r e n t  in  de ta i l .  The percent of s a l t  water 

f s l i gh t ly  above 70 percent when 0.2 of a model porosity volume 
ad 'discharged from the drain.  lil~en 1.0 model porosity volume of 
ccumulated discharge had discharged from the drain,  t h e e f f l u e n t  
ontaiced only about 10 percent of the  or iginal  aquifer  sa l ine  
a t e r  i n  both t e s t s .  The comparison i s  very good;even though the 
a t e r  was applied t o  the  model i n  two d i f fe ren t  ways, ( 1 )  by 
ntermittent application of i r r iga t ion  water using a 3-gallon 
pr inkler  can giving an average ra te  which varied from 2.10 t o  
;54 ga l lonsper .hour  (gph) i n  Test 1, Figure:42, and  (2) the  
r r iga t ion  recharge was applied continuously a t  an average r a t e  
.93 gph using a garden soaker hose, Test 2. In  t h i s  test the 



continued f o r  a sho r t e r  period but did  not drop a s  rapidly as  ; in 
Test 2. The differences  between the  two curves, Figures 42 -and 43, 
is a t t r i bu tab le  t o  t he  d i f f e r en t  r a t e s  of  applying t h e  recharge 
water. The average recharge r a t e  f o r  Test  2 during the first 3 days 
of  operation was higher than f o r  Test 1 which accounts f o r  t h e  f a s t e r  
removal of s a l t  water i n  Test 2. The overa l l  average recharge r a t e  
f o r  the e n t i r e  t e s t s  was higher f o r  Test 1 than f o r  Test 2. 

The materials which were used t o  form t h e  aquifers  were placed 
i n  t h e  model i n  a dry condition and i n  a random manner and therefore  
it i s  believed t h a t  i n  a l l  t e s t s  the  horizontal  permeabili ty P and 
the ve r t i ca l  permeability P,, f o r  both a i u i f e r s  was the  sun mating 

s t  3 was made i n  the,.,same two-part aquifer  model as  were Tests 1 
d 2. S a l t  water with a s imi la r  concentration, 6,200 ppm, was 
aced t o  t h e  top  of t h e  lower aquifer  t o  s t a r t  t he  t e s t .  In Test 3 
e kpplication r a t e  of  i r r i g a t i o n  water varied between 12.76 @h 
d 13.35 gph; t h r e e  drains ,  prototype spacing 315 f e e t ,  were used. 



t ha t  0.6 of a model porosity volume had discharged through the 
drains i n  Test 5, there  was 65 percent s a l t  water i n  the  e f f luen t  
and i n  Test 4 only 38 percent. The disferences between the curves 
p lo t ted  f o r  Test 4 and Test 5,  Figures 45 and 46, a re  a t t r i bu t ab le  
t o  the  d i f f e r en t  drain  spacing i n  the  two t e s t s .  

Test G was conducted using a single-part  aquifer  made from the same 
matcrial as the  upper aqui fe r  f o r  Tests 1 through 5. S a l t  water 
with 4,000 ppm concentration was used t o  completely f i l l  the  aquifer. 
The average discharge f o r  this t e s t  through two drains was 2.43 

A t  the  beginning of t h e  t e s t  the &rain e f f luen ts  contained 
approximately 100 percent s a l t  water and at  the time 1.0 model 
porosity volume had discharged through thc  drains,  the  e f f luen t  
contained:i?qmoximately 40 percent o f  sa l ine  water. Figure 47 
shows f o r  ?:st 6 the re la t ionship between percent o f  s a l i ne  water 
i n  drain e f f luen t  and cumulative discharge from drains  i n  terms 

Results of Tests 7 and 8-1 a r e  shown on Figures 48 and 49. These 
'two t e s t s  were conducted i n  the  same s ingle-par t  f i ne  sand aquifer,  . ' . t  

f i l l e d  with 79,770 and 75,190 ppm s a l t  water, respectively,  s o  t h a t  
the  "sal t  water was t o  the  top o f t h e  aquifer  a t  t he  beginning of 
both t e s t s .  Test 7 had an application r a t e  of 2.76 gph with three 
drains being used and Test 8-1 had an application r a t e  of 2.77 
gallons each 2 hours, with th ree  drains being used. The percent 
of , s a l t  w a t e r i n  the combined drain e f f luen ts  a t  the  beginning of 
Tests 7 and 8-1 was s l i g h t l y  l e s s  than 100 percent, probably because 

had discharged ,from the drains. ' Test 8, Figure 49, showed t h a t  a t  
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be seen approaching the three drains, located at each end and the mlaale or 
model. 

GROUND-WATER MODEL 
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Figu re  22 
Report Hyd-541 

A. Position of in te r face  on June  14, 1963, when concentration 
in effluent f rom Drain A w a s  1 / 1 0  (083 ppm) or  that initially 
placed in the aquifer  (6,830 pprn). 

B. Position of interface on JunelG, 1963, when concentration 
in effluent f rom Drain C was 1110 (683  ppm) of that initially 
placed in the aqui fe r  (6 ,030  ppm). 

Appearance of Model Interface during Tes t  5 
when Drain Effluent Contain 1 /10  of Initial Salt  

Coneenlration 

GROUND-WATER MODEL 



Figure 23 
Report Hyd-541 

At the end of Test  5 salt water remains in permanent 
storagc in about onc-third of  the volume oi the lower 
part of the aquifer. Effluents from Drains A and C 
contain 56  and 136 ppm of salt ,  respectively, after 
20 days and 2 hours of model operation. 

GROUND-WATER MODEL 
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Figure 26 
Repart Hyd-541 

Only small wedges of salt  water in the lower corners beneath 
the drains remain in the aquifer of Tes t  6 on August 26, 1963, 
aftcr 13 days (522-1!2 pmiotype years) of model operation. 

GROUND-WATER MODEL 

















Figure  34 
Report Hyd-541 

Sand tank model with automatically operated flush tank and stain- 
less s t cc l  troughs installed fo r  Tcs t  8,  to apply irr igat ion watcr  
a t  regular  intervals  and distributc i t  uniiormly ovcr the aquifcr 
surfacc.  

GROUND-WATER MODEL 



November 8,  1963  

Figure 35 
Report Hyd-541 

November 12, 1963 

November 14. 1963 

November 19, 1963 

Test  8-1, single-part aquifer was filled with approximately 
15.190 ppm salt water beiore beginning of test; photographs 
show movement 01 interiace from November 8.  1963 ,  to 
November 19, 1963. 

GROUND-WATER MODEL 













Figure  41 
Report Flyd-54: 

A. The stable interface at the end of  Tes t  8-1 had been 
achieved by the application of 2.77 gallons of fresh 
water  every  2 hours. 

13. The stable interface at the end of Test 8-2 is lower 
than in A above. F r e s h  recharge watcr  had been 
applied a t  the rate of 2 .89  gallons every hour. 

C. The stable inter iace a t  thc end of Tes t  8-3 i s  lower 
than in A and B above. F re sh  rechargc water had been 
applied a t  the rate  of 2.77 gallons every one-half hour. 

Photographs 01 stable interface positions a t  end o i  Tes t s  8-1, 
R-2. 2nd 8-3.  

GROUND-WATER MODEL 
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A fonnula for estimating the ultimate position of the 
interface separating an initially present salt water 
frcm a freshening replacement water in a drained aquifer 

nditions. The developnent described here relates to th 

be well to clarify here what w l l l  be intended by the 
nt that salt will be left in storage. In any given cas 

f mechanisms will contribute to removal. of the salt 

nt .of the interface aiia the like. In the early 
salt r e m o w  an interface,develops between the 















Fra: R. E. Glover 

Subject: Pattern of s w i f e r  sweetening where t i l e  W ~ S  are 
installed 

~. . 

When t i l e  drains are installed t o  provide drainage of an aquifer 
which contains saline waters, it becomesimportant t o  e & ~ a t e  the 
quality of the drain efflusnt became i t  m y  contribute t o  the flow 
of a stream whose salt content i s  already high. Ihe mechanics of 
aquifer sweete@ng.haz been made tine subject of a laboratory 
investigation. An analytical investigation has also been me.de t o  
determine the u l t h t e  position of the interface separating the 
replacement water fra the residual saline water, and th i s  deter- 
mination has been correlated with the laboratozy findings. It 
remains t o  evaluate the pattern of effluent sa l in i ty  a s  a function , ,  

escribed herein t o  e 
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member, June 27, 1963 

Memorandum t o  Chief, m o l c g y   ranch, from R. E. Glover on 
the subject "A formula for  estimating the ultimate position 

. of:the interface separating an initially present s a l t  water 
from a freshening replacement water i n  a drained aquifer,!' 
d&ed September 19, 1963 

..f(ate of Aguifer Sweetening--One-Part Aquifer 
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LaborataryTest No. 7 was performed with a one-part aquifer, that  
is, with an aquifer of one mater ia  from top t o  bottm. The 
expressions (1) t o  (10) apply "ithout modification t o  t h i s  condition. 
The tank used for  t h i s  t e s t  was 15.73 feet  long and 2.5 feet  wide. 
It was f i l l e d  t o  a depth of 2.0 feet  with %;sand having a perme- 
abi l i ty  K'= 0 . a 3 3  ft/sec . There was a drain at each end of 
tk.3 tank a& one i n  the  middle. These were paced 0.2 foot below 
t h e  top of the sand. With th i s  a m ~ e m e n t  the drain spacing was 
L = 7.86 feet  . The effective voids ra t io  was taken as  0.35. 
Water was supplied at the ra te  of 2.76 gsllons per hour. This is 





Table 1 

Canputation of Saline Content 
of Draitlbge Water for Iaboratory Test No. 7 

Time 'Pime Time - 2at - & mi S.  

hours seconds W 
. - e - hd 

j. 

o o l.oo00 78,000 
1 3,600 0.024 0.9763 76,200 

7,200 0.048 0.9531 74,300 
U,GW 0.143 0.8668 67,600 

1 2  43,200 0.287 0.7503 58,500 
574 . 0,5633 43,900 

1.148 0.3173 24,700 
1.722 0.1787 13,900 
3.443 0.03oll 2,400 

These vsluei are compared t o  the t e s t  values by plotting them on 
Mgwe 1. The correlation of observed and ccanputed values is 
considered god .  

Test No. 5 was  made with a two-part aquifer. The upper member w a s  
of f ine sand, was 1.0 foot i n  depth, and had a permeability of 
0.000533 ft/sec. The lower member cmposed of a coarse se$d or 
fine gravel was also1.0 foot thick and had a perneability\i,of about 
0.0294 ft/sec. To prepare for the tes t ,  w&er having 6,835 parts 
per million of sodim ckLoride'and 100 ppm of potassium chloride 
was used t o  saturate the m c d e l  sands up t o  the top o f t h e  upper 
sand. Fresh water was then applied at the ra te  of 3.32 gallons 
per hour, of which 1.87 gallons per hour p s s e d  out of Drain A 
and 1.45 gallons per hour passed out of Drain B. These two 
drains were i n  the ends of the tank. There was no central drain 
so that  the distance between drains was, i n  this case, 15.72 feet. 
A blue dye was placed i n  the saline water so tha t  i ts  behavior 
could be observed through the glass walls of the t~nk. 

Observations made during the prcgress of this and of previous t e s t s  
indicate t h a t ,  for  the most part, the applied water moves directly 
downward t o  the lower gravel bed, moves horizontally along it, and 

h a aarrow zone of the upper 
ely within a quadrant of ., 

top of the g r a y l r l a y e r  directly 
es through the drain location. 
se quadrants floy t o  the drain 
ining +ters go dowrrvard t o  t h e  

i n  within the quadrant. '. 
















